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Supplementary Fig.1. Cell statistics of public tumor scRNA-seq collection. We utilized the
curated cell type annotation from TISCH to summarize the number of cells in each category.
MetaTiME includes immune cells and tumor microenvironment cells from each dataset, and
excludes the malignant cells with low reproducibility across datasets. Datasets with raw counts
available are marked in blue while datasets with only continuous TPM available are marked in
red.
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Supplementary Fig.2. Simulating scRNA data with transcriptional gene programs. Two
dimension reduction methods were benchmarked using simulated scRNA data (a) Simulated
gene expression program includes 13 cell type-specific gene programs and one pan-cell type
gene program, mimicking common signaling pathways in single-cell RNA-seq data. The
MetaTiME method was applied on the simulated cohorts to extract meta-components (MeCs)
which were later compared with the pre-defined gene programs using correlation statistics. (b)
Numbers of cohorts were tested to assess the robustness of the meta-components. The similarity
between the recovered gene programs and the true gene programs (GEP) increases with larger
cohort numbers. The average similarity score of ICA-derived MeCs is higher than NMF-derived
MeCs. (c) The pairwise similarity between true GEP and predicted GEP using ICA for 5, 10, 20
cohorts. (d) The pairwise similarity between true GEP and predicted GEP using NMF for 5, 10,
20 cohorts.
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Supplementary Fig.3. Meta-component skewness and parameter tuning. (a) Genes most
highly associated with a meta-component (MeC) tend to be biased to either significantly positive
or significantly negative z-weights since the signs of the independent components are arbitrary.
Examples of skewness of two MeCs, one with positive skewness (top row), the other with negative
skewness (bottom row). MeCs with negative skewness are flipped by multiplying the gene weights
by -1. (b) To determine the number of MeCs, we tested a range of resolution parameters in the
community-detection based Louvain clustering algorithm. The Silhouette score increases as
resolution increases. However, higher Louvain clustering resolution results in MeC clusters that
are filtered as insufficiently reproducible across cohorts, which results in an overall decrease in
the MeC number. The resolution parameter was thus selected to be 1.25, leading to 86 MeCs
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Supplementary Fig.4. Meta-components with annotation and comparison with known
immune cell types. (a) All independent components clustered in MeCs are plotted using the
normalized MeC gene z-weights, showing top featured genes in each MeC. Each row represents
a gene, and each column represents an independent component. Components are ordered by
MeC cluster assignment, and genes are ranked using MeC z-weights and deduplicated. The MeC
annotation of each of the 86 MeCs are shown on the right with the top 2 genes marked. (b)
Correlation between all functional MeCs and Azimuth by converting the marker list defined for
immune cell types and subtypes to a list of weight 1.
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Leave-out dataset

.5. Leave-one-out MeC training. (a) Correlation between MeCs called from

the full set of datasets (row-wise) and the MeCs called leaving the SCC dataset out of MetaTiIME

Supplementary Fig
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and the MeCs called leaving the SCC dataset out (column-wise) when changing the minimum IC
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Supplementary Fig.6. Comparison of MetaTiME MeCs to signatures generated by
clustering and differential gene expression analysis. (a) Direct integration of cells allows for
inclusion of up to 21 datasets with the largest numbers of TME cells. Cells are harmonized across
datasets as batches, clustered, and differential gene expression analysis performed to generate
Cluster differential expression (DE) signatures. (b) Cluster DE signatures and MeC signatures
are mapped to the test dataset where cells are also clustered. (c) The per-cluster mean scores of
both signatures are plotted in heatmaps to assess whether the signatures are specific to test cell
clusters or uniformly distributed, with entropy calculated to reflect the test cluster distribution of
scores from MeC(left) and Cluster DE signatures (right).
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Supplementary Fig.7. MetaTiME meta-components reveal co-signaling pathway genes in T
cells. (a) lllustration of genes encoding membrane receptors on the T cell on the T cell co-
stimulating and co-inhibitory pathways, with knowledge of interacting ligands from antigen
presenting cells (APC), B cells, tissue cells or cancer cells. (b) Heatmap of meta-component z-
weight of T co-signaling genes in three related T cell MeCs. Genes with significant contributions
to the MeC are marked with a star. (c¢) z-weight and ranking of T co-signaling genes in three
related T cell MeCs. Source data are provided as a Source Data file.
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Supplementary Fig.8. Automatic annotation using existing methods and marker panels. (a).
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SingleR annotated results using the immune related panel Human Primary Cell Atlas (hpca).



Cohort

. 1 Proportion
03
02
-0.1
-00
| |

[ 1] -18:8.8
- 50: B_B-PAXS
[ - 4:8_Plasma
- 30: B_B-lg-kappa
] ~77: 8_Plasma-JCHAIN
- 59:8_Blg-lambda
- 8:T_NKcytotoxic
[ ] - 11: T_NK-T-cytotoxic
- 75: T_NKT-Cytotoxic-GZMB
- 25: T_Cytotoxic-GZMB
[ | [ | -12: T_CDBT-GZMK-CCLS.
] - 48: TNKT-CCLS
| | - 34: T_NKT-FNG-CCL4
- 40: T_CDBTex-CXCL13
- 32: T_CDBT-CD3
- 65: T_T-co-signaling
- 43: T_T-naive
- 35: T_TImmune-synapse
- 56: T_T-CREM
[ ] [ | - 7: T_Treg-T-co-signaling
-20: T_Tfh-CxCL13
] - 16: T COATMATTHI7
- 21: T_CDAT-cytoskeleton
- 78:T_CDATALTR
- 69: T_CD4T-CXCR4
-3:DC_pbC
- 6: DC_cDC2-MHCII
- 51: DC_DC-Mature
- 55: DC_cDCL
- 52: M_Monocyte-LYZ
- 17: M_Monocyte-CD14
- 29: M_Monocyte-CD14-5100A12
- 74: M_Monocyte-CD14-proliferation
] - 0: M_Monocyte-CD16
- 42: M_Macrophage-IL1-NFKB
- 45: M_Macrophage-IL1-JUN
- 26: M_Macrophage-SPP1
-19: M_Macrophage-C1Q
- 36: M_Macrophage-SPP1-C1Q
- 49: M_Macrophage_RNASE1-C1Q
- 37: M_Macrophage-lipid-PPARG
- 13: Myeloid_Mast
- 39: Myeloid_Platelet
- 46: Myeloid_Erythrocytes
- 22: Stroma_Fibroblast-collagen
- 81: Stroma_Fibroblast-VEGF
- 23: Stroma_Endothelial
- 38: Stroma_Endothelial-CCL21
- 27: Stroma_Fibro-endo-EMT
- 41: Stroma_Myofibroblast
- 0: Pan_Interferon-response

03N

- 1: Pan_Proliferation-s.

- 5: Pan_Proliferation-G2-M
- 14: Pan_Proliferation

- 2: Pan_Heatstress

- 33: Pan_Cycling-MYC

- 63: Pan_MHCII-HLA-DRA
- 58: Pan_MHCII

- 53: Pan_MHCI

- 24: Pan_Metallothionein
- 28: Pan_Beta-catenin

- 31: Pan_Protein-processing
- 47: Pan_Glycolysis

[ | - 68: Pan_NR4A-signaling
- 61: Pan_AP1-FOS
- 57: Pan_APLJUN
- 64: Pan_APL-IER2
- 76: Pan_CXCL1-CXCL2
- 66: Pan_CCL2

u - 15: Pan_Ribosome

- 54: Pan_Ribosome-RPS18
- 83: Pan_Myeloid-fibroblast
- 67: Pan_Heat-stress-HSPALA

MeC

§ °]
2 Category
0
Q5]
Qo8 B
£
Q T
O .
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e
T B
LR Rt R R L R L I R e L R R L L B R
S23808a58RR3080838 J0RE IR 8 o ana I B R SR 0838508 Rt RANEEGERE 0088935559588 Monaihiac
pnfinSinEnfin nfin Snfi-giinn [ Ening-gnin g~ pGni- 3 B Enln g 8 gnn i fnEn i Eni g g njin geon K g Bn il 87 0 Rl <= niin fn fnfn §njn fn Rnfnn o nfin fnfin §=n gnlngnn} OtherM:
hREh RO NN N NN NN AN BB NNl NN NN BN N BTN NN R EENNENahRaNnhnOnhnghodnednnnadn therMye
(.'!‘L'J‘V)O‘O‘O‘G‘O‘U}‘%gO‘w‘m\o‘u‘gO‘L'J‘Q:U‘%E\EWOO‘E\E\G‘U‘O‘O‘O‘O‘w‘w‘:%O‘O‘w‘ﬁO‘mSG‘O‘UUWO‘égﬁ\m‘O‘O‘ﬁw‘O‘O‘U‘O‘U‘KD‘OO‘O‘O‘G‘O‘U}‘0‘0‘0‘0‘0‘0‘0‘0‘
< R P ) J B TSI RT g i 9 S = 2 4 P trom:
EEEEEEEEE FLEEL FEEPEE bR EEEE FEEREEE PR EEEREREE DIEREEE PR R E LR R
© FaTF0 Cga ENg50 88080 00 PEE L9 2850”82 50033820520 Fopvs " £0&®°5E%a Signaling
oo @=0d 2. 8 g o 98 ogp=z=s"5"°< z2
8 o 9 o8 § 88 o 88 589 g
s ! @ z = o |
i 2 s 9 - 2 g e
Q = [}
¢ v g 8
5
J— [ ———— CancerType
EEEER ..m | I BN EEEEEEEEER | I |
(8]
< < g a £ Q 4 Q 2 a o = o =l
o o < = a9 9] 9] o =
2 32399224322 2¢cPIPolzzabzfddszsxIgoggsy
<« <« <« @ ®m o« O O 0O 0LV O I ¥ J 3 13 =2 2 2 2222 2 0 aacnn n > a

Supplementary Fig.9. Pan-cancer annotation of cell state composition in the full tumor
scRNA datasets. Top: heatmap showing cell proportions in each dataset. Bottom: bar plot
showing cell state composition of tumor microenvironment for tumor scRNA dataset cell states.
The proportion of cell states from the same MeC category are aggregated. Source data are
provided as a Source Data file.



a CESC UvVM KIRC (ccRCC) LGG
Z=4.34,p=1.40%10"5 Z=3.49,p=4.90 x 10~ Z=3.39,p=6.91x10"* Z=2.75,p=6.00 x 103
b SIG High (n=138) 0 "4—+—+ 1.0 SIG High (n=229) 0 SIG High (n=238)
0.9 SIG Low (n=138) 0.9 1L‘:HH*__” 0.9 SIG Low (n=230) SIG Low (n=239)
c c | c <08
2 i 208 ] S0.8 S
508 g i g W, .. g
e :m—«— o7 ‘—‘ SIG High (n=38) So7 \ LT £06
3 07 I 3 SIGH.ow (n=39) ® \" 'Wg, s T‘:,
206 K‘*"L E 206 i € o8 \ e 204 Fm,
@ B @os a5 L i @05 \ = 3 ;
03 fhkichnecd i L -+ 0.4 . P . -
0.4 ’ b o —# L
0 2000 4000 6000 0 1000 2000 ) 1000 2000 3000 4000 0 2000 4000 6000
0s (day) 0s (day) 05 (day) 05 (day)
LIHC LUAD THYM b SKCM_Metastatic
=2, =1.20 x 10~2 = - -2
’ Z=2.51,p=1.20x10 Z=247,p=1.34x10 Z=2.35,p=1.86 x 102 Z=-2.43,p=1.51x10"2
. SIG High (n=162) 10 SIG High (n=232) 1.00 Jri-isiitt+ 1.0 SIGH 1
SIG L =163 = L H e
ow (n ) o SIG Low (n=232) 005 e Lttt SIG Low (n=151)
508 5" | s £ 08
© ] 20.90 | S
@ ®0.6 8 H 206
S 06 o = & 0.85 Lo 2 \
g o ol H = 3
2 G, 204 2 080 ! S04 oSy
2 L 2 Y gV g W, L+
P04 L peeey @05 A AT 1 3075 ¥ 3 o3 L
L. ’ SIG High (n=57) | : e
v 0.70 - H -
02 Yy 0.0 SIG Low (n=57) ey 0.0
0 1000 2000 3000 0 2000 4000 6000 0 1000 2000 3000 4000 0 2500 5000 7500 10000
0S (day) 0S (day) 0S (day) 0S (day)

*SIG: signature of the MeC: 42: M_Macrophage-IL1-NFKB

Supplementary Fig.10. TCGA survival prognosis of MeC representing IL1-activated
macrophages. Each sample in TCGA is evaluated using top genes in MeC-42
“M_Macrophage-IL1-NFKB”, and patients are separated into two groups based on expression
level of the signature. Survival fractions of patients are shown for all cancer types with
significant separation. (a) In seven cancer types, patients with higher signatures have worse
prognosis. Significance of the association was tested using Cox proportional hazards regression
analysis. (b) In metastatic melanoma, patients with lower signatures have worse prognoses.
The association was tested using Cox proportional hazards regression analysis. CESC: cervical
squamous cell carcinoma and endocervical adenocarcinoma. UVM: uveal melanoma. ccRCC:
clear cell renal cell carcinoma, named as KIRC in TCGA. LGG: low grade glioma. LIHC: liver
hepatocellular carcinoma. LUAD: lung adenocarcinoma. THYM: thymoma. SKCM: skin

cutaneous melanoma.
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Supplementary Fig.11. Comparison with myeloid markers in a previous kidney cancer
study. (a) Analysis was done on a kidney cohort with tumor associated macrophages. Cell types
from the original study are shown. (b) Expression level of cell type markers used in the previous
study. (c) Each row shows the scoring of a monocyte or macrophage related MetaTiME meta-
component signature with expression of the marker gene top ranked by the meta-component. (d)
A cluster-wise summary view of the most enriched MetaTiME meta-component. TAM: tumor
associated macrophages.
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Supplementary Fig.12. Comparison with myeloid types defined by clustering and selected
markers in a previous myeloid-focused kidney cancer study. (a) Analysis was done on a
kidney myeloid cohort. Cell types from the original study are shown. (b), (c) Each row shows the
scoring of a related MetaTiME myeloid meta-component signature (left) with expression of the
marker gene from the original study (right). Genes with an orange star are marker genes from top
of the MeC but not used in the original kidney cell types.
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Supplementary Fig.13. ChIP-seq binding of NR3C1. (a) Glucocorticoid receptor (GR) ChlP-
seq data from multiple cell lines including peaks and binding signals around CXCL13. (b).GR
ChlP-seq data from Nalm6, a B cell leukemia line, binding at promoters of SRGN and FKBP5.



